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I present an exact relationship between the electric dipole moment and anoma- 
lous magnetic moment of the nucleon in the light-front formalism of QCD and 
consider its consequences. 



1. Introduction 

Interpreting the electric dipole moments of leptons and baryons as con- 
straints on fundamental, CP-violating Lagrangian parameters of various 
extensions of the Standard Model (SM) gives key insight into TeV-scale 
physics. In this contribution I report on work in collaboration with Stan 
Brodsky and Dae Sung Hwang ^, in which wc sharpen the connection be- 
tween the computed neutron electric dipole moment and fundamental CP 
violation by comparing its hadronic matrix element to that of the anoma- 
lous magnetic moment. In the context of the SM, and, specifically, of the 
Cabbibo-Kobasyashi-Maskawa (CKM) mechanism of CP violation, the as- 
sessed values of the neutron electric dipole moment (EDM) have been dis- 
parate, ranging from dcKM — 10~'^^e-cm arising from a. tt — N loop 
calculation in a chiral Lagrangian treatment, to d^j^j ~ 10~'^'*e-cm ''■^ for 
the EDM of the c?-quark itself, computed to three-loop precision in leading- 
logarithmic approximation. These EDMs are much too small to be experi- 
mentally observable, so that the marked disparity is actually of little conse- 
quence. However, if we restrict ourselves to effective CP-violating operators 
of dimension five or less, the method of QCD sum rules can be employed to 
compute the EDM of the neutron yielding a value for d", induced by a 
QCD ^-term, e.g., commensurate in size with that of the chiral estimate 
with a surety of ~ 50% ^ . The evaluation of d" and dP , and the errors 
therein, is also important to interpreting the EDM ^. Here we analyze 
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the nucleon electric dipolc moment in the hght- front formahsm of QCD ^, 
to the end of reaUzing an independent test of the methods used to compute 
— and of their assessed errors. 



2. Electromagnetic Form Factors in Light-Front QCD 

Our study of the electric dipole form factor F:}{q'^) in the light-front for- 
malism of QCD complements earlier studies of the Dirac and Pauli form 
factors The Pauli and electric dipole form factors emerge from the spin- 
flip matrix elements of the electromagnetic current J'*(0): 



(P',-5,|J^(0)|P,5,) =f7(P',-A) 



2M 



U{P,X), (1) 



where U{P, A) is a Dirac spinor for a nucleon of momentum P and helicity A, 

with Sz = A/2. Recall that the anomalous magnetic moment k and the elec- 
tric dipole moment d are given by k = (e/2M)[F2(0)] and d = (e/M)[P'3(0)]. 
We find a close connection between k and d ^, as long anticipated 
Working in the g"*" = frame, with q = {q^,q^,(l±) = {0, —q"^ /P~^ ,q±) 
and P = (P+,P~,P_l) = (P+, M^P^, 0_l), in the interaction picture for 
J+(0), and in the assumed simple vacuum of the light- front formalism, we 
find, noting q^/^ = q^ ± iq^, 



1 



1 



xV'i(xi,k_Li, Ai) ± -sipi*{xi,'k'j_i,Xi)tpl{xi,'k±i, 



where k'. 



Ai) 



(2) 



i-Lj + (1 ~ Xj)q± for the struck constituent j and k^^ = 
k_Li — Xiq± for each spectator {i ^ j). The electric dipole form factor 
Fsil^) vanishes if the usual light-front wave functions arc employed, so 
that we must learn how parity- and time-reversal-violating effects can be 
included in the light-cone framework. 



3. Discrete Symmetries on the Light Front and a Relation 
for the Electric Dipole Moment 

Wc construct parity V± and time-reversal T± in the light-front formalism ^ 
by noting that these operations should act on the k± of a free particle alone. 
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SO that |k^|, fc+j and k~ remain unchanged. We choose V± so that the com- 
ponents of a vector transform as — d^, cP cP, or d^'^ —d^'^, 
and d^ — > d^. With this V± is an unitary operator, though it flips the 
spin as well. We find that ^2((?^) is even and Fs{q'^) is odd under 'P±. The 
choice of 71 is predicated by that for a momentum vector trans- 
forms as q^'^ —qL,R a,n(;j g± g± under 71, so that the position vector 
= {x+,x~,x'^,x^) {-x+,-x~,x^,-x^). With this we find that T±_ 
is antiunitary, but it docs not flip the spin. With the charge-conjugation 
operator C defined in the usual way, we note that all scalar fermion bi- 
linears are invariant under C'P±T]_ as needed. We find that Re(J2) and 
Im(F3) are even and Re(F3) and Im(F2) are odd under 71. Thus to realize 
a non-zero electric dipole form factor, we must include a 71- and V±- 
odd parameter /?„ in the light-front wave function ip^' [xi, kj_j, A^); namely, 
tp^' {xi, k_Li, Xi) = cp^' {xi, k_Li, Xi) ex.p{iX/3a), where (p^" (a;,, k_Li, Xi) is both 
P±- and 71- invariant. Wc assume CV± is broken at scales much larger 
than those of interest, so that M^p J> q"^ and that any g^-dependence in 
(3a can be neglected. With this we find, for a Fock component a ^ , 

[^3('z')]a = (tan/3a)[F2(g2)]„ and da = 2KaPa as g2^0, (3) 

since is small. Thus the EDM and the anomalous magnetic moment 
of the nucleon should both be computed with a given method, to test for 
consistency. If the method employed is unable to confront the empirical 
anomalous magnetic moments successfully, it cannot be trusted to predict 
the electric dipole moments reliably. We note in the case of the QCD sum 
rule method, that the computed anomalous magnetic moments, as long 
known, are in good agreement with experiment, namely, k"^ = —2 and 



4. Implications 

We now consider some specific consequences of Eq. (3). In what fol- 
lows wc consider the EDM induced through a QCD 0-term only. In a 
quark-scalar-diquark, q{qq)o, model of the nucleon a single V±- and 71- 
violating parameter suffices to characterize . Since SLcp is isoscalar, 
pn _ pp ^ employ the empirical anomalous magnetic moments 

K« = -1.91 and = 1.79, in imits of /iat, to estimate (d"+dP)/((iP-d") = 
(k" + kP)/{kP - Av") « -0.12/3.70 « -0.03. The isoscalar electric dipole 
moment of the nucleon is extremely small. This is in accord with the chiral 
Lagrangian estimate, for which it is zero — the relevant diagrams are me- 
diated by a TT — loop, which is logarithmically enhanced as — > 
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Our estimate can be compared to the QCD sum rule calculation, for which 
{d'^+(F)l{(F - d") « -0.3 9, which is much larger. We note that the QCD 
sum rule method also predicts a zero isoscalar magnetic moment the 
method is less successful in reproducing a quantity which suffers partial 
cancellation. The magnetic moment is determined not only by the sum 
of + dp but also by a CP-violating meson-exchange current — the former 
is estimated to be numerically larger ^. The efficacy of a EDM measure- 
ment in a particular system in bounding 6 is determined by the size of the 
coefficient multiplying 9. The larger the coefficient, the better the bound 
on 6, for a given experimental limit. Were rf" + smaller, the bound on 9 
from a putative EDM measurement would weaken. 

5. Summary 

In summary, we have analyzed the electromagnetic form factors in the light- 
front formalism of QCD, extending the earlier Drell-Yan-West-Brodsky 
framework to the analysis of and 71-odd observables. We have used 
the light-front formalism to find a general equality between the anomalous 
magnetic and electric dipole moments. The relation holds for spin- 1/2 sys- 
tems, in general: it is not specific to the neutron and is independent of 
the mechanism of CP violation. An earlier study noting the importance 
of the simultaneous study of the muon's electric dipole and anomalous 
magnetic moments is given in Ref. The relation we derive implies that 
both the EDM and anomalous magnetic moment of the spin-1/2 system 
of interest should be calculated in a given model, to test for consistency. 
Ultimately, this can lead to sharpened constraints on models containing 
non-CKM sources of CP violation. 
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